Introduction

14
Dietary long chain polyunsaturated fatty acids (PUFAs) are very important to the nutritional 15 health, physiology and reproduction of vertebrates (Burr, 1981; Simopoulos, 2000) and of 16 crucial importance in early development, due the occurrence of impressive morphological and 17 physiological changes (Tocher, 2003) . Highly unsaturated fatty acids (HUFAs) have long been 18 recognized as essential components in fish larval diets (Sargent et al., 1999) , playing both an 19 energetic or structural role, depending on the lipid class molecules they are incorporated in. As 
23
Peroxisome proliferator activated receptors (PPARs) are involved in many processes related to 24 ontogenesis, such as skeletal formation and differentiation, cell proliferation and epithelial cell 25 growth and differentiation (Michalik et al., 2002; Burdik et al., 2006) , lipid metabolism 26 regulation, lipid transport, lipid and glucose oxidation, adipogenesis, lipid homeostasis, (Jump, 27 2002; Varga et al., 2011; Cour Poulsen et al., 2012; Cho et al., 2012) peroxisomal biogenesis 28 (Schrader et al., 2012) and immune functions (Kostadinova et al., 2005) . PUFA, oxidized PUFA 29 and eicosanoids are ligands of all PPAR isosoforms in mammals and amphibians (Hihi et al., 30 2002) thereby serving as major transcriptional sensors of fatty acids (FA) (Jump, 2008; Xu et 31 al., 1999; Schupp and Lazar, 2010) . Interestingly, the three PPAR subtypes display distinct but 32 overlapping expression and functions (Cour Poulsen et al., 2012) . In mammals, PPARa and
33
PPARb activate lipid catabolism by regulating expression of target genes encoding enzymes 34 involved in peroxisomal and mitochondrial b-oxidation of FA, the former mainly in liver and 35 related to larvae or broodstock nutritional problems related to HUFAs (Estevéz et al., 1995; 23 Izquierdo et al., 1996; Rainuzzo et al., 1997; Naes and Lie 1998; Estevez et al., 1999; Schields 24 et al., 1999; Hamre et al., 2007; Sargent et al., 1999) .
25
In turbot eggs, lipids are present in two distinct forms, namely in the yolk and in the oil globule 26 (Silversand et al., 1996) . Lipoprotein yolk lipids are primarily polar lipids, especially 27 phosphatidylcholine and phosphatidylethanolamine (Wiegand, 1996) . In contrast, the oil globule 28 consists of neutral lipids such as triglycerides (TG), sterol esters (SE) and wax esters (WE) 29 (Wiegand, 1996) . It was estimated that 55 to 60% of the lipids in turbot eggs are confined to the 30 oil globule (Silversand et al., 1996) . PL appear to constitute 40 to 50% of the total lipids present 31 in turbot eggs (Devauchelle et al., 1988; McEnvoy et al., 1993; Planas et al., 1993) . Since no PL 32 are present in the oil globule, it is reasonable to suggest that they are exclusively in the yolk and 33 that yolk lipid of turbot eggs, to a large extent, consist of PL (Silversand et al., 1996) .
34
Molecular approaches may be helpful to clarify various aspects of FA metabolism in fish 1 development as well as to identify physiological differences between distinct phylogenetic 2 clades (Castro et al., 2011; Castro et al., 2012; Morais et al., 2012) . Clarifying species specific 3 nutritional requirements, effects of nutrients deficiency and starvation, and response to chemical 4 contaminant exposure are important steps to understand the mechanisms, control and regulation 5 of lipid metabolism. In this study, the mRNA transcription was analyzed for the four isoforms of 6 PPAR (α1, α2, β and γ) and for 24 genes involved in various pathways of FA metabolism during 7 the early development of turbot larvae under starving conditions, spanning the period from 8 notochord formation to 9 days post fertilization (dpf). In parallel, the lipid profile was 
Egg Incubation and Larval Rearing
18
Fertilized eggs of Scophthalmus maximus were obtained from a commercial hatchery (Insuiña, 19 Pescanova S.A.) at Mougás -Spain. Larvae were reared from fertilized eggs to 9 dpf in 60 L 20 fibre glass tanks in artificial salt water (35 psu) with gentle and constant aeration at 15 ± 1ºC.
21
50% of the artificial salt water was changed daily. Larvae were not feed after mouth opening.
22
Samples were collected at 4 key developmental events: notochord formation (2.5 dpf), hatching 23 (4.5 dpf), mouth opening (7 dpf) and 50% mortality (9 dpf) for yolk sac and oil globule 24 measurements, lipid and FA analysis and molecular biology. Hausen and Grasshoff (1983) . SE and WE could not be separated by the solvent 5 mixture and are therefore reported together as a sum. FA were transesterified to methyl esters on 6 total lipid extracts with methanolic hydrogen chloride (Christie, 1982) and, subsequently 7 analysed by gas chromatography, using a programmed-temperature vaporizer injector (PVT, 8 Perkin-Elmer) in the solvent split mode, as described by Herraiz et al. (1987) (Table S1 ). Target gene expression was normalized through geometric 5 averaging of multiple internal control genes using GeNorm Software (Vandesompele et al., 6 2002). From 8 normalizing genes analyzed -EF1a, 18S, UB2L3, RPL8, GAPDH, TBP 7 and TubB2C -5 were chosen according to the GeNorm algorithm: EF1a, 18S, UB2L3, RPL8 8 and β-actin. Gene expression (mean of 2 replicates) of the 27 target genes (Table S1 ) is 9 presented relatively to the expression at notochord formation. One-way ANOVA, followed by Tuckey's post-hoc test, were used to compare data among 12 different developmental stages. When some of the ANOVA assumptions (i.e. normality and 13 homoscedasticity) were not met by data, the Kruskal-Wallis one-way analysis of variance on 14 ranks were used followed by Dunn's test.
15
Principal components analysis (PCA) was employed to study the inter-correlations of the 
Results
24
Yolk sac and oil globule volume
25
Yolk sac and oil globule dimensions are presented in Table 1 . At hatching, the yolk sac was 26 0.278 ± 0.020 µl and was almost entirely consumed from hatching to mouth opening (p < 0.01)
27
( Fig. 1A) . At mouth opening, less than one tenth of its original volume was still present (p < 28 0.05), surrounding the oil globule (Fig. 1B) . By day 9, the yolk sac was completely consumed 29 (Fig. 1C) . The oil globule volume remained constant until hatching. From hatching on, it started 30 to be consumed at a linear rate until the end of the experimental period (p < 0.05). At mouth 31 opening, half of its original volume was still present, and by 9 dpf, it was reduced to 1.02 ± 0.36 32 nl (Table 1) . At this point, the variability of the oil globule volume was quite large since some 33 larvae presented a visible oil globule of near 1/5 of its volume measured at notochord formation 34 (Fig. 1C) , while others did not have it at all. Values in between these extremes were rare. from hatching, with significant differences at mouth opening and 9 dpf (p < 0.05). In contrast,
15
SFA levels remained constant until mouth opening but decreased significantly at 50% mortality 16 (p < 0.05). N-3 PUFA series was the most abundant at the beginning of development, 8 times 17 more abundant than n-6. Both n-3 and n-6 series remain constant from notochord formation to 18 hatching and then declined linearly up to 50% mortality. At this point, n-6 series content was 19 almost residual while n-3 was still considerable.
21
Gene expression
22
The 27 target genes analysed covered a major number of metabolic pathways related to FA and 23 lipids metabolism, including FA hydrolysis and activation, β-oxidation, biosynthesis, 24 desaturation, elongation, hydrolysis of TG and PL, FA esterification to TG and PL and nuclear 25 receptors involved on FA metabolism control (Fig. 2) . in Acsl2 at 50% mortality (Fig. 3) . The mRNA expression rate of Acyl-CoA oxidase 1 (Acox1) increased significantly from egg 5 stage to mouth opening, and from there to 50% mortality (p < 0.05). Carnitine 6 palmitoyltransferase 1a-related (Cpt1a-rel; Boukouvala et al., 2010) remained unchanged during 7 the whole developmental period (Fig. 3) . significantly between hatching and mouth opening (p < 0.05; Fig. 4 
Hydrolysis of TG and PL
28
The expression rate of the various lipases displayed different patterns with development. While 29 lipoprotein lipase (Lpl) expression rate increased during the whole period with significant 30 changes between notochord, mouth opening and 50% mortality (p< 0.05), lipase A (LipA) and 31 lipase E (LipE) remained at the same mRNA transcription level along development (Fig. 6 ).
32
Hepatic lipase (LipH) expression remained stable until mouth opening and then increased 33 abruptly 13-fold afterwards (p < 0.05).
35
FA esterification to TG and CE
1
Diacylglycerol O-acyltransferase homolog 1 (Dgat1) expression remained stable from 2 notochord formation to mouth opening and then increased 1.5-fold at 50% mortality (p < 0.05), 3 whereas Dgat2 decreased from notochord formation to hatching and increased to 2-fold at 4 mouth opening and 50% mortality (p < 0.05; Fig. 7 ).
5
Sterol O-acyltransferase2 (Soat2) displayed a decreased mRNA expression as development 6 progressed, from notochord formation to hatching (p < 0.05) and remained constant until 50% 7 mortality. 
Principal components analysis
19
The principal components analysis extracted two factors, PC1 and PC2 that explained 76.49% 20 of total data variation (43.46 and 33.03% respectively) ( Elovl5, Elov6l, Fads2, Fasn, LipH and Scd1b for PC1, and were Acot8, LipA, LipE, 25 Soat2 and PPARa2 for PC2 (supplementary material 2 -S2). Group 1 included genes whose 26 transcription tended to increase along the developmental stages, either from NT formation or 27 from hatching on. This group includes PPARα1, PPARγ, and many genes positively correlated 28 to them or inversely correlated to PPARα2 (Elovl4a, Elovl4b, Elovl5, Elovl6, Elovl6l, Lpl, 29 Scd1a, Scd1b, Fads2, Acox) . Group 2 includes genes whose transcription remained stable along 30 development (PPARβ, Acls2) , and whose transcription increased only at 50% 31 mortality of the starved larvae (Fasn, LipH, Dgat1 and Acsl4) and those whose transcription was analysis demonstrated that many genes were correlated or highly correlated to more than one 7 PPAR (Fig. 10, S3 ). Two genes were even highly correlated to all 4 PPARs (Elovl4a and 8 Elovl4b). Most commonly, genes are related to 3 PPARs (9 genes) or 2 PPARs (6 genes).
Cpt1a
9
PPARα1 and PPARγ correlated together to 17 genes that are mostly involved in FA elongation 10 or desaturation (8 genes). while TG, SE and WE are present both in the oil globule and in yolk to produce energy (Finn, 19 1994; Silversand et al., 1996) . In our study, the levels of total lipids and lipid classes started to 20 change from hatching to mouth opening (Table 2) (Finn, 1994; Finn et al., 1996) . It was 26 suggested that fish species with oviparous progeny evolved two types of energetic strategies for 27 their offspring (Finn, 1994 free amino acids appeared to be a significant energy substrate during the egg and the early yolk-32 sac stages while FA from neutral lipids derived from the oil globule seemed to be the main 33 metabolic fuel after hatching (Finn, 1994; Rønnestad et al., 1998) . Also, neutral lipids were 34 dominant for turbot at hatching, while phospholipids predominated prior to first feeding, in 1 accordance to Rainuzzo et al. (1993) .
2
However, a former transcriptional activity was observed between notochord formation and 3 hatching, where 7 out of 27 genes related to FA metabolism presented significant differences at 4 the transcription level. Those genes are involved in FA metabolism control (PPARα1,α2), FA 5 hydrolysis (Acot7, Acot8), hydrolysis of TG and PL (Lpl), and FA esterification (Soat2, Dgat2).
6
Most of the transcriptional changes were characterized by a higher transcript level at notochord 7 formation as compared to hatching (Acot7, Acot8, Soat2, Dgat2) and included PPARα2, which 8 suggested a transcriptional regulation. The altered mRNA expression of genes does not reflect a 9 change in their functionality (Nikinmaa and Rytkoenen, 2011) , and the correlation between 10 mRNA expression and enzyme activity is generally low (Vogel and Marcotte, 2012) . However, 11 mRNA expression in our study can serve as a first indication at which steps the regulation of the 12 lipid metabolism might be altered during the larval development. In this light, it could be 13 speculated that the decreasing transcript level of Acots at hatching might lead to an increased Maghazachi and Gibson, 1988) . Most Elovls increased their activity 1.5 to 2.5-fold from 35 hatching to mouth opening, while Elovl4b increased more than 6-fold. At mouth opening the 1 eyes of turbot larvae get functional to help on foraging behaviour and in accordance, analysis by 2 whole-mount in situ hybridisation in zebrafish embryos showed that Elovl4b is specifically 3 expressed in photoreceptor cells of retina (Monroig et al., 2010) . Furthermore, fads-like gene 4 transcripts in nibe croaker (Nibea mitsukurii) larvae fed on oleic acid-enriched Artemia were 5 significantly higher than those in larvae fed on 100% 22:6n-3-enriched Artemia, indicating that 6 the Fads2 gene was controlled by negative feedback from the quantity of 22:6n3 stored in the 7 larval body (Yamamoto et al., 2010) . This finding is also in accordance with our data, where the 8 decrease of PUFA was accompanied by an increase in FA desaturases. In contrast to our results, 9 where Elovl5 pattern was also inverse to FA decrease, no significant differences were observed 10 in the transcript levels of the Elovl5 gene in nibe croaker fed on 22:6n-3-enriched Artemia 11 (Yamamoto et al., 2010) .
12
From hatching to mouth opening, energetic lipids (TG, SE) were consumed, whereas structural supply must not be discharged.
20
Between mouth opening and 50% mortality, significant changes were also observed in Acox1 21 mRNA expression (Fig. 3) , which might indicated that during starvation β-oxidation of very 22 long and long chain FAs in the peroxisome contributed to the energy production. It is also 23 possible that Acox1 was to be used not only for FA oxidation but also for FA 24 elongation/shortening, through the Sprecher's shunt (Sprecher, 1992) (Kersten et al., 1999; Hashimoto et al., 2000; Leone et al., 1999) . In mammals it is well known that high levels of n-3 PUFA suppress transcription of various 9 enzymes of FA metabolism e.g. Elovl6, Fasn, Scd1, through ligation to PPARα (Wang et al. 
The principal component analysis revealed that PPARα1 shared with PPARγ a common group 21 of several lipid metabolic genes (Fig. 9) . The group consists of 12 genes, which includes most 22 genes related to FA elongation and desaturation. From all the genes studied, PPARγ was the one 23 that most changed during the experimental period (~100-fold). This gene is known to be 24 involved in lipid anabolism regulation but is also required for development of various tissues, Correlation analysis pinpointed that the transcription of various genes may be controlled by 33 more than one PPAR, more commonly, by two or three PPARs (Fig 10 and S3) . PPARα1 34 transcription is highly correlated to PPARβ and especially to PPARγ and PPARα2. PPARα1 and 35 PPARγ are the nuclear receptors whose transcription correlated to more genes simultaneously.
1
Moreover, all genes correlated to PPARα2 transcription were also inversely correlated to 2 PPARα1 and PPARγ, which might indicate that they co-ordinately modulate the transcription of 3 various genes together, but in opposite directions. To our knowledge, this is the first study in a 4 teleost fish species providing evidence for a regulation of FA metabolism genes by a joint action 5 of different PPARs. In other animal models, it is known that some genes are regulated by more 6 than one PPAR. It has been suggested that Acox1, L-Fabp and other PPAR-dependent genes 7 may be co-ordinately modulated in the small intestine of developing rats, during postnatal PPARγ together with the retinoic acid X receptor (RXR) heterodimer (Schoonjans et al., 1996) .
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Also, thiazolidinediones predominantly affected adipocyte LPL production through activation of 12 PPARγ, while fibrates exerted their effects mainly in the liver via activation of PPARα 13 (Schoonjans et al., 1996) . Genes that were correlated uniquely to PPARγ (Fig 10 and S3 ) were 14 related to FA de novo synthesis (Fasn) and to PL hydrolysis (LipH). Genes correlated to
15
PPARβ alone are related to FA activation and deactivation (Acsl2 and Acot7).
16
In accordance to our results, three developmental periods in the early turbot larvae were FA metabolism had a strong correlation to PPARs mRNA levels (α1, α2, β, γ) and evidence is 9 suggested for an orchestrated control by two or three PPARs isoforms. at hatching (4.5 dpf); B -at mouth opening (7 dpf); C -at 50% mortality (9 dpf). H -heart; IL -2 intestinal loop; OT -otolith; PI -posterior intestine; S -stomach. Table 1 1 Yolk sac volume, oil globule volume and total lipid content along early development of turbot 2 (dpf -days post fertilization). Values correspond to the mean ± standard deviation of 15-20 3 larvae for yolk sac and oil globule volume and, of 2 pooled samples (n = 175-400 eggs or 4 larvae) for total lipids and total fatty acids. Different superscript letter in the same row indicate 5 significant differences (p < 0.05). 
